Abstract Quarry blasts can be effective, low-cost energy sources for seismic imaging, provided that one can deconvolve the extended source signatures produced by ripple firing. This study uses real and synthetic quarry-blast data to compare the performance of several methods for deconvolving mixed-delay signals. The problem considered here is the recovery of the effective source function along a given azimuth from traces in a shot gather. The tests focus particularly on design criteria for minimum-entropy filters and optimization of source-wavelet estimates derived by inversion of minimum-entropy filter coefficients. Predictive deconvolution reduces ringing but can generate coherent artifacts when the source wavelet is not minimum delay. Wiener filtering using source-wavelet estimates derived by least-squares inversion of minimum-entropy filter coefficients preserves relative amplitudes, allows the user to specify the degree of spiking, and avoids delays in the output. Of 47 blasts recorded in Georgia and Tennessee with 15-to 19-channel arrays, 37 yielded a localized wavelet estimate in which the duration of the most energetic portion of the wavelet estimate trace was close to the reported duration of the blast. In general, extraction of the source wavelet directly from quarry-site recordings is complicated by nonlinear effects, interference from S and Rayleigh waves, and the variation of the source wavelet with azimuth. In spite of those complications, waveforms observed at quarry sites were similar to wavelets derived from field traces for about 10 of the blasts studied. Wavelet estimates derived from minimum-entropy filter coefficients are not affected by static shifts between traces. Where statics have been removed and where recording arrays are long enough to resolve differences in ray parameter for overlapping events, localized slant stacks can be a useful alternative for estimating the source wavelet. Methods, such as Wiener filtering, that collapse energy to the onset of each event in the gather ensure that the events will migrate with the correct depths and apparent dips.
Introduction
Over the last quarter century, the increased density of source and receiver arrays used in large-offset seismic profiles has greatly improved the resolution of crustal structure (Wissinger et al., 1998) . Today, most crustal refraction/ wide-angle reflection experiments are carried out with hundreds of instruments, large field crews, and specially drilled shots. Where resources are more limited, however, one can still obtain useful information about the crust by using quarry blasts and multiple deployments of much smaller arrays (Greenhalgh, 1981; Hawman, 1996; Dentith et al., 2000) .
Although quarry blasts figured prominently in many early refraction studies (Katz, 1955; Steinhart and Meyer, 1961) , their use gradually declined, largely because of the extended souce signatures produced by ripple firing. "Ripple firing" or "delay firing" refers to the practice of detonating a blast as a series of delayed charges (EIPNC, 1977) . The delays reduce local ground vibration and enhance fracturing, but interference of extended source wavelets can cause fluctuations in relative amplitude and apparent loss of coherency of arrivals in source gathers (Fig. 1) . Without correction for these effects, it can be difficult to generate useful composite profiles from recordings of multiple blasts or to migrate the data to produce reliable crustal images. Unfortunately, because quarry-blast source signatures in general are not minimum delay, standard industry methods such as predictive deconvolution (Robinson and Treitel, 1980) are not always effective.
The main objective of the work described here was to assess the potential of quarry blasts as seismic sources for detailed imaging of the crust by comparing several approaches for deconvolving mixed-delay signals. This study builds on the work of Wiggins (1978) , Oldenburg et al. (1981) , and Jurkevics and Wiggins (1984) . The article begins with a brief comparison of deconvolution methods applied to synthetic traces, then follows with an application of these methods to crustal data sets recorded using blasts at crushed-stone quarries in the southern Appalachians (Hawman, 1996; Hawman et al., 2001 ).
Characteristics of Delay-Fired Blasts
Waveforms generated by quarry blasts vary with azimuth (Smith, 1989; Chapman et al., 1995) and depend on a host of source parameters, including hole spacing, hole depth, orientation of the quarry face, and depth to the water table, in addition to the millisecond delay sequence itself (Chapman et al., 1995) . Typical source durations used at crushed-stone quarries (both limestone and granite quarries) in the southeastern United States range from 0.1 to 1.0 sec. These blasts are distributed over 5-70 holes with anywhere from 100 to 1400 kg explosive per delay. Hole depths range from 8 to 30 m, with 0.3-1.5 m of subdrilling. Hole spacing is generally 3-6 m; total source dimensions range from 17 ‫ן‬ 9 m to 110 ‫ן‬ 12 m. For most of the blasts recorded in this study, the long dimension of the blast patterns ranged from 20 to 50 m.
In general, isolated quarry-blast source wavelets are difficult to observe directly in seismograms because of the overlap of P, S, and Rayleigh waves for traces recorded at the blast site (discussed later) and the overlap of refracted and reflected arrivals at greater offsets. However, the effect of delays can be seen in the amplitude spectra of traces (Pollack, 1963; Baumgardt and Ziegler, 1988; Hedlin et al., 1989) , which often show peaks and nodes in agreement with those expected for the reported delay series. Widths of individual spectral peaks are strongly controlled by the source duration. For some blasts, particularly those recorded at greater distances (e.g., 150-190 km), spectral peaks associated with longer delays between rows are especially prominent (Greenhalgh, 1980) . At shorter distances (25 km), peaks at higher frequencies generated by the shorter delays between individual holes have been observed as well (Hawman et al., 2001) . In trace autocorrelations, the effect of ripple firing frequently appears as short-period ringing with a duration in agreement with the reported duration of the blast (Hawman et al., 2001) . This characteristic can be used to estimate blast durations when blast reports are not available.
Deconvolution Methods
In general, ripple-fired waveforms are mixed delay, so that standard industry methods such as predictive deconvolution (Robinson and Treitel, 1980) , which assume a source wavelet that is minimum delay, may not be effective. One approach that works for source wavelets regardless of their phase characteristics is minimum-entropy deconvolution (Wiggins, 1978; Jurkevics and Wiggins, 1984) . Briefly, minimum-entropy deconvolution maximizes the spikiness of an input gather; that is, it finds a filter operator that converts the arrivals in a set of traces into a minimum number of spikelike events. It does this by maximizing the varimax norm, V, defined as the normalized sum of the squares of the variances of the traces:
where y is the filter output, i is the trace index, and j is the sample index. The maximum value of the varimax parameter for a single trace is 1, corresponding to a trace consisting of a single spike. For multiple traces, the maximum value is n, where n is the number of traces. The systems of equations for the filter coefficients are nonlinear and therefore must be solved iteratively. As with predictive deconvolution, the inversion for filter coefficients can be stabilized by prewhitening, that is, by increasing the diagonal of the weighted autocorrelation matrix (Yilmaz, 1987) . This also damps the spiking of the output traces. Although the method uses differential moveout to help isolate the source wavelet, the inversion for the filter coefficients is not affected by static shifts between traces. Unlike predictive deconvolution, minimum-entropy deconvolution does not require a minimum-phase wavelet. It also does not require a reflectivity function that is white (Wiggins, 1978) ; in fact, it performs best for relatively sparse series of events (Jurkevics and Wiggins, 1984) . Thus it is appropriate for wide-angle gathers, which tend to be dominated by the first arrival and a relatively small number of reflections. An alternative approach is to use localized slant stacks of source gathers (Phinney et al., 1981; Milkereit, 1987) to separate events according to travel time and ray parameter. Estimates of the source wavelet then can be extracted from the stack and used to design a least-squares inverse (Wiener) filter. The ability of slant stacking to isolate events according to ray parameter will depend on the beam width of the array. The disadvantage of this approach is that static shifts between traces will degrade at least the high-frequency components of the wavelet estimates. Other approaches capable of handling mixed-delay signals, which are not investigated here, include homomorphic deconvolution (Ulrych, 1971) and wavelet methods (Teolis, 1998) .
Tests with Synthetic Data
The problem considered here is the recovery of the effective source function along a given azimuth from traces in the shot gather. The forward problem of predicting the source wavelet and its azimuthal variation given the reported delay pattern was discussed by Smith (1989) and Chapman et al. (1995) . The tests discussed here focus particularly on design criteria for minimum-entropy deconvolution filters and the optimization of source-wavelet estimates derived by inversion of minimum-entropy filter coefficients. The tests were carried out using synthetic gathers with characteristics (station spacing, source duration, signal bandwidth, etc.) similar to those of field gathers recorded in the southern Appalachians (Hawman, 1996; Hawman et al., 2001 ).
Deconvolution of a Single Trace with a Single Event Figure 2 illustrates some of the problems that arise when predictive deconvolution is used to deconvolve mixed-delay signals. The figure shows synthetic quarry-blast source wavelets generated by convolving a 1.5-cycle decaying sinusoid with the reported delay sequences for several recorded blasts. The synthetic wavelets are computed assuming a point source in space; the effects of propagation delays between holes, which generate azimuthal variations in waveform, are ignored. The waveforms show several characteristic shapes. Some are roughly uniform in amplitude, while others show maximum amplitudes near the onset and tail end of the wavelet, separated by a low-amplitude window. Many show a significant delay between the wavelet onset and the strongest half-cycle. Results are shown for a synthetic minimum-phase wavelet, seven blasts detonated at the same quarry, and a sampling of blasts at other quarries in Georgia and South Carolina.
For most of these examples, predictive deconvolution manages to transfer much of the energy to the beginning of the wavelet; a second round of predictive deconvolution (Jurkevics and Wiggins, 1984 ; not shown here) yields no significant improvement. For all examples, however, predictive deconvolution adds a significant tail to the wavelets that can obscure later arrivals or even generate false arrivals. Trials were also made with the application of a linear ramp to the traces prior to predictive deconvolution in an attempt to make the individual wavelets more nearly minimum delay. This approach proved only marginally successful because the wavelet durations were short (0.2-1.0 sec) compared with the time windows of interest (4-8 sec).
Minimum-entropy deconvolution, on the other hand, converts each wavelet to a spike, where in general the position of the output spike coincides with the maximum amplitude of the input wavelet. As noted by Wiggins (1978) , when the sample with maximum amplitude in the wavelet is negative, the output spike will also be negative.
Extracting Mixed-Delay Source Wavelets for Wiener Deconvolution
An alternative approach to deconvolution is to design a waveshaping (Wiener) filter based on source-wavelet estimates provided by least-squares inversion of the minimumentropy filter coefficients (Oldenburg et al., 1981) . A wavelet with a duration close to the reported duration of the delay-fired sequence is extracted from the longer inverse trace and is used to design a filter, again by least squares, that converts the wavelet into a spike or other desired wavelet shape (Robinson and Treitel, 1980) . This allows one to control the amount of signal compression and can be more effective in preserving relative amplitudes than the minimum-entropy deconvolution itself. It also avoids the introduction of time delays in the filtered output.
Choice of Parameters. For this study, the minimumentropy filter coefficients were inverted by least squares and the desired output was delayed for a range of lags to optimize the inversion (Robinson and Trietel, 1980) . The length of the wavelet-estimate trace (i.e., the length of the leastsquares inverse of the minimum-entropy filter operator) for all real and synthetic sources considered here was set to 500 samples (2.5 sec); this yielded wavelet-estimate traces that were slightly greater than twice the length of the longestduration blast recorded. The length of the wavelet-estimate trace then was doubled by padding the beginning with 500 zeroes, and the samples were shifted (to earlier time) to cor- Figure 2 . Synthetic wavelets before and after deconvolution. Wavelets were generated by convolving a 1.5-cycle decaying sinusoid with the delay sequences reported by the blasters. For each blast, the top trace is the input source wavelet, the second trace is the output of predictive deconvolution using a prediction distance equal to the second zero crossing of the trace autocorrelation, the third trace is the output for a prediction distance of one sample (spiking deconvolution), and the bottom trace is the output of minimum-entropy deconvolution. The number of filter coefficients used for deconvolution is roughly equal to the duration of each input wavelet. Results are shown for a synthetic minimum-phase wavelet (top left) and blasts at five quarries (A-G) in the Carolina Terrane, northeast Georgia. rect for the optimum lag used for the least-squares inverse and (to later time) to correct for the initial position of the desired output spike in the minimum-entropy routine (the latter was always at a sample position equal to half the minimum-entropy filter length). Within this 1000-point output time series, the recovered wavelet was generally positioned so that the sample with maximum amplitude coincided with the padded position (for these runs, sample position 510) of the desired output spike for the least-squares inverse. Depending on the phase characteristics of the source, an appreciable part of the source wavelet may appear before this maximum amplitude.
Inversion of Minimum-Entropy Filter Coefficients for a 15-Trace Gather.
To test the stability of the iterative process for computing the minimum-entropy filter coefficients, several wavelets were computed for each source gather by inverting minimum-entropy filters of different length. Although prewhitening helps to stabilize the deconvolution output, it tends to distort the wavelet estimates when the Figure 3 . Source-wavelet estimates derived by least-squares inversion of minimumentropy filter coefficients. The inversion was repeated several times for different miminum-entropy filter lengths to evaluate the stability of the wavelet estimates. The filter coefficients were computed for a 15-trace, noise-free synthetic input gather containing 12 events with apparent velocities between 6 and 10 km/sec; trace spacing is 250 m. The bottom trace is the input wavelet; the trace above that is the input wavelet after polarity reversal for comparison with the wavelet estimates. On the right, "n" is the number of minimum-entropy filter coefficients. (a) Before bandpass filtering; (b) after bandpass filtering to remove energy at frequencies outside the dominant range of the input gather. minimum-entropy filter operators are inverted (Oldenburg et al., 1981) . Therefore the wavelet estimates were found by computing the minimum-entropy filter coefficients without any prewhitening ( Fig. 3a) and then applying a bandpass filter to the least-squares inverse of the coefficients to suppress energy outside the dominant frequency range of the input traces (Fig. 3b) .
The filter coefficients for this example were computed for a 15-trace, noise-free synthetic input gather containing 12 reflections. The synthetics suggest that, for an accurate wavelet estimate, the minimum-entropy deconvolution filters should be at least as long as the known duration of the source wavelet. Although smaller minimum-entropy filter lengths generate a less spikey, more stable deconvolution output, they also tend to produce ringy wavelet estimates. For filters shorter than the source duration, the wavelet estimates can be highly sensitive to filter length. Predictive deconvolution of the same traces (not shown) yields approximations to the minimum-phase equivalent of the source wavelet that show a more orderly convergence as the number of filter coefficients is increased. Minimum-entropy deconvolution, which does not impose any constraints on the phase spectrum of the source, allows a much greater range of the wavelet shapes. In the absence of the minimum-phase constraint, spectral peaks and notches generated by ripple firing will tend to result in ringy wavelet estimates. For the underdetermined problem (inverting a set of filter coefficients with a duration shorter than the actual wavelet) there may not be sufficient bandwidth to yield a wavelet that is localized in time. Because the process for deriving mininumentropy filter coefficients is nonlinear, the corresponding source-wavelet estimates may be sensitive to the filter length. For input gathers with well-matched traces, increasing the length of the minimum-entropy filter to a value greater than twice the known source duration has no discernable effect on the wavelet estimate.
Effect of Noise on Minimum-Entropy Wavelet Estimates and Wiener Deconvolution
The effects of white noise on the minimum-entropy deconvolution output and wavelet estimates for synthetic, multitrace gathers are shown in Figure 4 . As noted by Wiggins (1978) , minimum-entropy deconvolution is remarkably effective in suppressing noise; useful signal levels are recovered for signal-to-noise (S/N) ratios as low as 1 (Fig. 4d) . As noise levels increase, however, energy in the sourcewavelet estimate traces is spread out beyond the time window defining the known duration of the source (Fig. 4h) .
Wiener deconvolution using wavelet estimates for gathers with S/N ratios less than 5 produces severe contamination by noise at several discrete frequencies (Fig. 4e) . Use of prewhitening in the least-squares derivation of the waveshaping filter coefficients suppresses this noise at the expense of some broadening of the output wavelet (Fig. 4f ), but the noise levels are higher and the arrivals are not as well resolved as those in the output generated by minimumentropy deconvolution (Fig. 4d) .
Cross Correlation
Because of the attenuation of large portions of the signal spectrum by ripple firing, cross correlation of the field traces with the wavelet estimate typically produces a ringy output with large-amplitude cross-correlation sidelobes (Fig. 4g ).
Tests with Quarry-Blast Data
Here the deconvolution methods discussed earlier are applied to blasts at crushed-stone quarries recorded for two wide-angle experiments in the southern Appalachians. The blasts were recorded with a linear array of 15-19 stand-alone PRS-4 recorders using three-component, 4.5-Hz geophones. All blasts were timed with a seismograph deployed at the quarry, most at distances between 60 and 400 m from the blast pattern.
The first experiment used blasts at seven quarries in crystalline rocks of the Carolina Terrane of Georgia and South Carolina (Hawman, 1996) . Receiver spacings varied between 250 and 600 m, giving recording apertures of 5-9 km for each blast. Multiple blasts from each quarry were recorded at different array positions, yielding piecewise continuous coverage for shot-receiver offsets between 20 and 140 km. Estimates of average crustal V p /V s ratios and a generalized two-dimensional velocity model for this data set were presented in Hawman (1996) ; migration of the wideangle reflections is currently underway (see Khalifa [2002] ).
The second experiment used blasts at four limestone quarries in the Appalachian fold-and-thrust belt of eastern Tennessee (Hawman et al., 2001) . Receiver spacings were smaller (200-250 m), yielding recording apertures of 3-4.5 km for each blast. Examples of amplitude spectra, autocorrelations, and preliminary migrated sections were presented in Hawman et al. (2001) .
Preliminary Processing
For the deconvolution tests discussed here, only the vertical-component seismograms were used. Traces were corrected for clock drift and filtered to suppress bandlimited noise. Deconvolution was applied to velocity-reduced gathers using a reduction velocity of 6 km/sec. The window for computing trace autocorrelations began 1 sec before the first arrival and ended before the onset of the direct S wave. Predictive deconvolution was carried out using a prediction distance of one sample (spiking deconvolution) and a number of filter coefficients slightly greater than the reported duration of the source. For minimum-entropy deconvolution, the filter length was varied from roughly one-quarter to twice the reported source duration to test the stability of the iterative procedure for computing filter coefficients.
For both types of deconvolution, prewhitening was used to suppress the effect of spectral notches. Prewhitening was set to zero for the minimum-entropy runs intended for source-wavelet estimates (discussed later).
Wavelet Estimates
Estimates of source wavelets were derived following the procedure described for the synthetics. Again, several wavelets were computed for each blast by inverting minimumentropy filters of different length (Fig. 5) to evaluate the stability of the estimates. Figure 6 shows a sampling of source-wavelet estimates for 41 different blasts at quarries in Georgia, South Carolina, and Tennessee; horizontal bars indicate the reported source duration for comparison. Except for their overall duration, the extracted source wavelets bear little resemblance to the corresponding synthetic wavelets in Figure 2 . The differences are due in part to the unmodeled propagation delays between holes and to deviations of the actual delay times from those specified in the blast reports. Of the 47 blast records analyzed, 37 yielded a localized wavelet estimate with a duration for the most energetic portion of the wavelet-estimate trace that was close to the reported duration of the blast. Three of the wavelet estimates are significantly longer than the reported source duration (Fig. 5) ; this may be due to reverberation beneath the source and/or array. For the remaining blasts, inversion of the filter coefficients failed to yield a recognizable wavelet. This appears to have been due to a combination of high noise levels and variations in receiver site response within a given recording array.
One seemingly obvious approach for estimating the source wavelet is to extract it directly from traces recorded by the seismograph deployed at the quarry. Unfortunately, because of the short offsets (mostly 60-400 m) used for accurate timing, there is almost complete overlap of P-, S-, and Rayleigh-wave energy over the duration of the blasts. Source-receiver offsets: 20.9-28.0 km. Wavelet estimates were generated by least-squares inversion of minimum-entropy filter coefficients. As in Figure 3 , several minimum-entropy filters of different lengths were inverted to test the repeatability of the wavelet estimates. The width of the bar indicates the reported source duration (0.334 sec). The apparent source duration is greater, possibly because of reverberation beneath the source and/or array.
Some of the shorter offset records may also suffer from nonlinear effects. Shear and Rayleigh waves generated by ripple-fired and single-hole shots have also been observed at distances of 300-500 m by Frantii (1963) , Willis (1963) , and Gupta and Hartenberger (1981) , and these arrivals account for a significant portion of the wave field recorded for ripple-fired blasts at regional distances (Baumgardt and Ziegler, 1988) .
For near-surface P-wave velocities between 3 and 5.5 km/sec and Rayleigh-wave group velocities with roughly half those values, the computed P-Rayleigh travel-time differences for a given hole at distances of 60-400 m range between 0.01 and 0.13 sec. These values are consistent with the observed transition from linear to elliptical particle motions recorded by the vertical and radial components. The Sand Rayleigh-wave contributions are most apparent at the end of the ripple-fired waveform, where they appear as highamplitude, slightly lower frequency signals that help to extend the apparent source waveform well beyond its reported duration (Fig. 7) . This effect was observed for almost all blasts recorded. Because the P-Rayleigh delay time at these offsets is so small (longer than delays between holes but much shorter than the blast duration), in general the entire waveform is affected. These effects are superimposed on the variations in amplitude and dominant frequency generated by variations in the delay times themselves; higher amplitudes at the end of the source wavelet may also be generated by the decrease in destructive interference effect for the last hole fired (Fig. 2) .
In Figure 6b , some of the wavelet estimates are compared with traces for the seismograph deployed at the quarry site. The latter have been bandpass filtered to match the passband applied to the field gathers prior to minimum-entropy deconvolution. Surprisingly, in spite of the expected complications discussed earlier, the two source estimates are similar for about 10 of the blasts recorded. The apparent agreement could be due in part to the deployment of the quarry seismograph along a node in the Rayleigh-wave radiation pattern or to a fortuitous alignment of peaks in the minimum-entropy wavelet estimates with the overlapping P and S waveforms observed at the quarry. Deployment of a second recording station outside the quarry would help resolve this issue. For a range of near-surface P velocities of 3000-5500 m/sec and a near-surface V p /V s ratio between 1.7 and 2, complete separation of P and S wave trains for a 0.5-sec duration blast would require offsets between 1500 and 4000 m. To avoid complications arising from the variation of the source wavelet with azimuth, this second station should be deployed in line with the main field array.
Deconvolution of Repeated Blasts Recorded with a Stationary Array: Limestone Terrane
An interesting test of stability is to deconvolve gathers recorded with the same array using two different delay-fired blasts at the same quarry. The results shown in Figure 8 are for two blasts at a limestone quarry in eastern Tennessee. The blasts were fired 10 min apart; separation of the midpoints of the shot-hole arrays was roughly 380 m. Sourcereceiver offsets were roughly 24-29 km. Because of traffic noise, different subsets of traces have been deleted for each of the blasts.
Predictive deconvolution (Fig. 8c,f ) yields two gathers with slightly increased noise levels and very little in common. Minimum-entropy deconvolution of the first blast (source duration: 268 msec) results in a pronounced change in waveform character (Fig. 8b) . Although two of the traces are overspiked, the rest of the gather shows more focused arrivals with improved phase coherence. Minimum-entropy deconvolution of the second blast produces changes that are more subtle (Fig. 8e) ; this is expected because of the much shorter source duration (75 msec). (This was true for the output of predictive deconvolution as well.) Waveform estimates (12 and 13 in Fig. 6a ) have durations that are consistent with the reported durations of the blasts. A more detailed analysis of the waveforms for these blasts can be found in Hawman et al. (2001) .
The match between the two blasts after minimumentropy deconvolution (Fig. 8b,e) is best between 1-and 2-sec reduced time. Given the effects of noise, differences in input signal bandwidth, near-source effects due to the 380-m separation between the two blasts, and the nonlinearity of the process used to derive the filter coefficients, the degree of similarity is notable. Still, the arrivals are not as coherent as one might expect for unmetamorphosed sedimentary rock.
This may be due in part to scattering; the ray paths lie entirely within carbonate rocks with well-developed karst (Tegland, 1978) .
Deconvolution of Gathers Recorded in Crystalline Terrane
More coherent arrivals were observed for blasts recorded in high-grade metamorphic rocks of the Carolina Terrane (Hawman, 1996) . Figure 9 shows deconvolution results for a blast recorded at offsets between 21 and 28 km, roughly parallel to regional strike. Before deconvolution, the traces were corrected for elevation statics. Residual statics were computed by cross correlation of first arrivals after application of a reduction velocity of 6.1 km/sec. The sourcewavelet estimate for this blast (Figs. 5, 9d ) is characterized by a 0.3-sec delay between the wavelet onset and the halfcycle with maximum amplitude. As expected, wavelet compression is best for minimum-entropy deconvolution (Fig.  9c) . Predictive deconvolution using a prediction distance of one sample (spiking deconvolution) and a filter length several half-cycles longer than the reported source duration results in some wavelet compression (Fig. 9b ), but this is not optimized because of the mixed-delay character of the source wavelet. Wiener filtering (Fig. 9e) using a truncated version of the source-wavelet estimate (Fig. 9d ) generated by inversion of the minimum-entropy filter coefficients yields a filter output similar to minimum-entropy deconvolution, except that the energy now is shifted to the beginning of each event in the gather. To stabilize the deconvolution and suppress sidelobes (Robinson and Treitel, 1980) , a Gaussian function with a dominant frequency of 10 Hz was used in place of a simple spike as the desired output wavelet.
A comparison of the two bracketed traces for each of these gathers (Fig. 9) highlights the differences between the Figure 6 . Source-wavelet estimates for 41 delay-fired quarry blasts recorded with 16-19 channel arrays in north Georgia and eastern Tennessee. Wavelet estimates were generated by least-squares inversion of minimum-entropy filter coefficients. The source gather for each blast was high-cut filtered prior to minimum-entropy deconvolution; high-frequency cutoff settings ranged from 10 to 40 Hz. The reported source durations are indicated by the width of the heavy bars. Upper-case letters and numbers identify the quarries and blast numbers, respectively, for comparison with the wavelets in Figure 2 . various deconvolution outputs. Note how deconvolution reduces short-period ringing in the original traces and enhances phase coherence, especially for the output of minimum-entropy deconvolution and Wiener filtering.
These methods have been applied to source gathers recorded at offsets as great as 140 km (Fig. 10) . The section shown in Figure 10a is a composite of gathers for several blasts at two neighboring quarries, again recorded along strike. Predictive deconvolution (Fig. 10b) greatly reduces ringing, but the results in Figure 2 show that the residual tails generated when this method is applied to mixed-delay signals can produce coherent artifacts, which will be different for each blast. As shown in Figure 9 , the arrivals in the gathers generated by minimum-entropy deconvolution (Fig. 10c) are delayed compared with those in Figure 10b ,d (Wiener filtering). The last version (Fig. 10e) shows the Wiener filtering output (Fig. 10d) after the application of a zero-phase filter which normalizes the amplitude spectrum; this is similar to an approach described by Jurkevics and Wiggins (1984) , except that here it is applied only to frequencies with relative amplitudes above a specified thresh- old. A threshold of 0.1-0.4 whitens the spectrum without appreciably boosting noise; the section is comparable in resolution to the section in Figure 10b and shows better phase coherence, especially for events interpreted as reflections from the middle crust (PiP) and Moho (PmP).
Migration Tests
A comparison of results for migration of the gathers before and after deconvolution underscores the importance of correcting for the extended source signatures produced by ripple firing. The migration algorithm used here (R. B. Hawman, unpublished manuscript) is an extension of the method described by Hawman and Phinney (1992) for migrating travel-time picks in common-source gathers. It was developed for data recorded with short-aperture arrays. Like the methods described by Phinney and Jurdy (1979) and Milkereit (1987) , it uses the localized slant stack of the source gather as an intermediate data set. Unlike those methods, however, it assumes that all coherent energy in the slant stack consists of reflections from planar dipping interfaces; possible contributions of diffractions are ignored. Briefly, the algorithm maps every sample in the slant stack into a planar, dipping segment with a length that is a function of the length of the recording spread and the migrated dip. The thickness and lateral extent of migration smiles are controlled by the degree of smearing in the slant stack, which in turn is controlled by the array aperture and signal bandwidth. Smearing can be controlled further by applying a coherency filter to the slant stack (Kong et al., 1985) .
Slant stacks for the shot gathers in Figure 9 show two dominant events (Fig. 11) . The first is the direct arrival, modeled as a continuously refracted P wave with a turning point at a depth of about 2 km (Hawman, 1996) . The second is an event with a smaller ray parameter (steeper incidence angle) interpreted as a P-wave reflection. Weaker arrivals include deeper reflections at smaller ray parameters and P-SV conversions at larger ray parameters. The coherency-filtered slant stack of the gather with no deconvolution (Fig. 11a ) shows multicyclic waveforms for these two arrivals that are similar to each other and similar in duration to the sourcewavelet estimates derived by minimum-entropy deconvolution. In the coherency-filtered slant stack of the gather with Wiener filtering (Fig. 11b ), this energy is collapsed and moved to the onset of each wavelet.
To illustrate the effect of deconvolution, only the dominant reflection is migrated; a more complete description and geologic interpretation of the migration results for this and other gathers recorded in the Carolina Terrane can be found in Khalifa (2002) . Migration of this reflection in the gather with no deconvolution and relatively low threshold settings for the coherency filter (not shown) generates a layered structure. Migration of the slant stack of the gather after Wiener filtering (Fig. 12, event C) shows this apparent layering to be an artifact of the extended source duration. (Note that the limited source-receiver coverage for this gather yields only a partial image of the subsurface.) For the gather with no deconvolution, increasing the threshold setting for the coherency filter decreases smearing along the ray parameter axis and suppresses all but the highest-amplitude halfcycle of the dominant reflection. Because this half-cycle is near the middle of the source wavelet, migration of the unfiltered input gather and the minimum-entropy and predictive deconvolution output gathers results in an overestimate of the reflector depth and, in this particular case, an overestimate of the dip as well (Fig. 12, events A and B) . Migration of the gather after Wiener filtering (Fig. 12, event C ) yields a more accurate subsurface image, again because the energy in the extended source wavelet is moved to the wavelet onset.
Discussion and Conclusions
Quarry blasts can be effective, low-cost energy sources for seismic imaging, provided that one can deconvolve the extended source signatures produced by ripple firing. This is especially important for composite refraction profiles constructed from multiple deployments of a limited-channel array because it allows the equalization of source waveforms for different ripple-fired blasts as well as enhanced resolution of structure. Unfortunately, because quarry-blast source signatures in general are not minimum delay, standard industry methods such as predictive deconvolution are not always effective.
Results from Analysis of Real and Synthetic Quarry-Blast Data Predictive deconvolution reduces ringing but can generate coherent artifacts when the source wavelet is not minimum delay. Least-squares waveshaping deconvolution (Wiener filtering) using source-wavelet estimates derived by least-squares inversion of minimum-entropy filter coefficients preserves relative amplitudes, allows the user to specify the degree of spiking, and avoids delays in the output. Source-wavelet estimates sometimes can be improved by applying a filter to remove energy at frequencies beyond the dominant passband of the input gather. Of 47 blasts recorded in Georgia and Tennessee with 15-to 19-channel arrays, 37 yielded a localized wavelet estimate with a duration for the most energetic portion of the wavelet estimate trace that was close to the reported duration of the blast.
Extraction of the source wavelet directly from quarrysite recordings is complicated by nonlinear effects, interference with S and Rayleigh waves, and the variation of the source wavelet with azimuth. In spite of these complications, good agreement was found between waveforms observed at quarry sites and source wavelets derived from field traces for about one-fifth of the blasts recorded.
Wavelet estimates derived from minimum-entropy filter coefficients are not affected by static shifts between traces in the input gather. Where statics have been effectively removed and where recording arrays are long enough to resolve differences in ray parameter for overlapping events, localized slant stacks can be a useful alternative for estimating the source wavelet.
Because of the narrow bandwidths generated by ripple firing, cross correlation of the traces with the extracted source wavelet typically produces large-amplitude sidelobes. The examples presented here suggest that a combination of Wiener filtering to remove source effects followed by spectral whitening to enhance resolution may be optimal for crustal profiles recorded with source wavelets that are mixed delay.
A comparison of results for migration of the gathers before and after deconvolution underscores the importance of corrections for the extended source signatures produced by ripple firing. Deconvolution methods, such as Wiener filtering, that collapse energy to the onset of each event in the gather, ensure that the events will migrate with the correct depths and apparent dips.
Recommendations for Further Work
A number of changes in experimental design would improve the deconvolution results. The blasts analyzed here (Fig.  9a) , after zeroing all samples in the slant stack with smoothed semblance values less than 0.3. This threshold setting zeroes all samples in the range 0.0 Ͻ p Ͻ 0.1 sec/km (not shown). Brackets mark the direct arrival and a strong reflection with durations comparable to the duration of the source-wavelet estimates (Figs. 5, 9d) shown to the left of each arrival. Weaker arrivals include events interpreted as deeper reflections at smaller ray parameters and P-SV conversions at larger ray parameters. (b) Slant stack of shot gather after Wiener filtering (Fig. 9e) , again after coherency filtering using a smoothed semblance threshold of 0.3. The energy in the multicyclic wavelet marked by the lower bracket in (a) has been compressed and moved to the wavelet onset (arrow).
were recorded with very short aperture arrays. Increasing the array aperture by adding channels or by increasing the channel spacing would increase the amount of differential moveout for arrivals; this in turn would enhance the ability of the minimum-entropy routine to isolate the source wavelet. It would also improve ray-parameter resolution in slant stacks, allowing a more reliable independent wavelet estimate. For the latter application, it would be important to keep the station spacing small enough to avoid spatial aliasing; this also would allow more reliable corrections for residual statics prior to stacking.
A third, more direct estimate of the source wavelet could be obtained by deploying a seismograph just outside the quarry to supplement the seismograph used to time the blast. The offset for this instrument would need to be great enough to avoid overlap of the P and Rayleigh wave trains; for a blast duration of 0.5 sec and near-surface P-wave velocity of 3-5.5 km/sec, complete separation would be achieved at roughly 1500-4000 m. To avoid complications arising from variations of the source wavelet with azimuth, this station should be deployed in line with the main field array.
The results presented here suggest that, over time, a very small crew can record a sizable, high-resolution crustal data set using limited numbers of instruments and seismic sources that are free. Figure 12 . Migration of the coherency-filtered slant stacks of the gathers shown in Figure 9 , using a smoothed semblance threshold of 0.5 and a velocity model (model A) derived by Hawman (1996) . The star and heavy bar indicate the locations of the blast and recording array, respectively. The three segments are produced by migration of the slant stack of the shot gather with no deconvolution (B), minimum-entropy deconvolution (A), and Wiener deconvolution (C). Migration of the gather with predictive deconvolution (not shown) yields virtually the same image as B. "C" is interpreted as the most accurate image of the reflector because Wiener deconvolution moves energy in the extended source wavelet to the wavelet onset. The reflector is interpreted as a portion of a northeast-plunging interface within rocks of the Carolina Terrane allochthon (Hawman, 1996) .
